We propose a one-loop induced radiative seesaw model applying a modular S 3 flavor symmetry, which is known as the minimal non-Abelian discrete group. In this scenario, dark matter (DM) candidate is correlated with neutrinos and lepton flavor violations (LFVs), and the manner of their interactions is determined by this modular symmetry. We show several predictions of mixings and phases satisfying LFVs, observed relic density, and neutrino oscillation data.
I. INTRODUCTION
Radiative seesaw models are one of the attractive scenarios to describe tiny neutrino masses and dark matter (DM) candidate at the same time [1] . Subsequently, several phenomenologies such as lepton flavor violations (LFVs), muon anomalous magnetic moment, and collider physics can be taken in account, depending on models. In addition, modular flavor symmetries have been recently proposed [2, 3] to provide more predictions to the quark and lepton sector due to Yukawa couplings with a representation of a group. Their typical groups are found in basis of the A 4 modular group [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , S 3 [13] [14] [15] , S 4 [16] [17] [18] , A 5 [19, 20] , larger groups [21] , multiple modular symmetries [22] , and double covering of A 4 [23] in which masses, mixings, and CP phases for quark and lepton are predicted.
1 Furthermore, thanks to the modular weight that is another degree of freedom originated from modular symmetry, this modular weight can be identified as a symmetry to stabilize DM candidate if DM is included in a model. Thus, radiative seesaw models with modular flavor symmetries are well motivated in view of neutrino predictions and DM origin. In this paper, we apply a S 3 modular symmetry to the lepton sector in a framework of Ma model [1] , where S 3 is known as the minimal symmetry in non-Abelian discrete flavor symmetry. Here, we introduce three right-handed neutrinos and an isospin doublet inert boson in standard model (SM), both of which have nonzero charge of modular weight. In our analysis, we show several predictions to the lepton sector, satisfying constraints of LFVs as well as neutrino oscillation data. Also, bosonic DM is favored compared to the fermionic one, since the interacting coupling between DM and the SM particles are too tiny to explain the observed relic density.
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This paper is organized as follows. In Sec. II, we give our model set up under modular S 3 symmetry. Then, we discuss right-handed neutrino mass spectrum, lepton flavor violation (LFV), relic density of DM and generation of the active neutrino mass at one loop level.
Finally we conclude and discuss in Sec. III.
1 Several reviews are helpful to understand whole the ideas [24] [25] [26] [27] [28] [29] [30] [31] . 2 Another stabilization mechanism of DM candidate has been discussed in non-Abelian discrete symmetries in refs. [32] [33] [34] . Couplings 
whereη ≡ iσ 2 η * , σ 2 being second Pauli matrix.
The modular forms with the lowest weight 2; Y (2) 2 ≡ (y 1 , y 2 ), transforming as a doublet of S 3 is written in terms of Dedekind eta-function η(τ ) and its derivative [35] :
Then, any couplings of higher weight are constructed by multiplication rules of S 3 , and one finds the following couplings:
Higgs potential is given by
which can be the same as the original potential of Ma model without loss of generality, because of additional free parameters. The point is that one does not have a term H † η due to absence of S 3 singlet with modular weight 2 that arises from the feature of modular symmetry.
The structure of Yukawa couplings are determined by the modular symmetry. Therefore, our model is more predictive than the standard Ma model. After the electroweak spontaneous symmetry breaking, the charged-lepton mass matrix is given by
where
T . Then the charged-lepton mass eigenstate can be found by
. In our numerical analysis below, one can numerically fix the free parameters α ℓ , β ℓ , γ ℓ to fit the three charged-lepton masses after giving all the numerical values.
The right-handed neutrino mass matrix is given by
second and third fields, and we define
1 . The Dirac Yukawa matrix is given by
Lepton flavor violations also arises from y D as [36, 37] BR( which will be imposed in our numerical calculation.
Neutrino mass matrix is given at one-loop level by
where m R(I) is a mass of the real (imaginary) component of η 0 . Then the neutrino mass matrix is diagonalized by an unitary matrix
0.12 eV is given by the recent cosmological data [41] . Then, one finds
Each of mixing is given in terms of the component of U M N S as follows:
(II.12) Also, the effective mass for the neutrinoless double beta decay is given by where its observed value could be measured by KamLAND-Zen in future [42] .
To achieve numerical analysis, we derive several relations of the normalized neutrino mass matrix as follows:m
where the last line is the first order approximation of the small mass difference between where normal hierarchy is assumed and ∆m 2 atm is the atmospheric neutrino mass difference square. Comparing Eq.(II.14) and Eq.(II.17), we find ∆m 2 is rewritten by the other parameters as follows:
The solar neutrino mass difference square is also found as
In numerical analysis, this value should be within the experimental result, while ∆m 2 atm is expected to be input parameter.
A. Numerical analysis
Here, we show numerical analysis to satisfy all of the constraints that we discussed above, where we restrict ourselves the neutrino mass ordering is normal hierarchy, and DM is expected to be an imaginary component of inert scalar η; η I . In order to avoid the oblique parameters simply, we just assume to be m η ± ≈ m I . In this case, the mass of DM is uniquely fixed by the observed relic density which suggests it is within 534 ± 8.5 GeV [43] , if the Yukawa coupling is not so large. In fact, tiny Yukawa couplings are requested by satisfying the data. Thus, we just work on the mass of η at this narrow range. 4 Then, we provide the experimentally allowed ranges for neutrino mixings and mass difference squares at 3σ range [44] as follows: 1. The typical region of modulus τ is found in narrow space as 1. 
III. CONCLUSION AND DISCUSSION
We have constructed a predictive lepton model with modular S 3 symmetry in framework of one-loop induced radiative seesaw model. Thanks to the nonzero modular weight, the DM stability is naturally assured by this new quantum number, and DM is correlated with neutrinos in a specific manner, where their interactions are determined by the S 3 symmetry that is known as the minimal group in non-Abelian discrete flavor symmetries. In our numerical analyses, we have highlighted several remarks as follows:
1. all the three mixings run over whole the range of experimental results at 3σ interval, while the sum of neutrino masses is restricted to be 0.03eV m 0.12 eV that reached the upper bound on the cosmological result. These predictions will be tested in the near future.
